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and Stein 1987). In the latter report, simple spike correlations with velocity were stronger than the correlations with acceleration. Some mossy fiber afferents, in addition to inter-
positus neurons, discharge in relation to movement velocity in the primate (van Kan et al. 1993a,b) . One step in understanding how a neural structure contriThere has been no systematic study of Purkinje cell disbutes to movement control is to define the relationship becharge modulation in relation to movement amplitude or tween the neuronal discharge and the relevant movement position for either single-or multijoint limb movements. parameters (Georgopoulos 1986; Kalaska 1991) . This approach has been successful in relating the firing of primary, Position-related activity may be limited in the discharge of were discriminated with the use of time and amplitude techniques cerebellar nuclear cells (Chapman et al. 1986 ; Harvey et al. (Ojakangas and Ebner 1992) . A description of the complex spike 1977; Thach 1978) and in the simple spike firing of Purkinje activity during this task will be included in a future report. Discrimcells (Bauswein et al. 1983; Mano and Yamamoto 1980) . inator signals were converted to transistor-transistor logic pulses However, some position-related simple spike discharge oc-before being digitized and stored to computer at 1 kHz. Signals curs in Purkinje cells (Marple-Horvat and Stein 1987) . Sim-from potentiometers located at the manipulandum's joints were ple spike firing is also related to the maintenance of a fixed sampled and stored at 1 kHz for calculation of hand position and wrist position against a torque load (Gilbert and Thach 1977 ; tangential velocity. Palpation and passive limb manipulation were Thach 1970b).
used to determine whether a cell had a somatosensory receptive
In the present study we examine the relationship between field of the hand, wrist, elbow, or shoulder girdle. Cells were also examined for modulation during active, spontaneous reaching the simple spike discharge of Purkinje cells and target direcmovements with the manipulandum. Cells that did not respond to tion, distance, and location. We used a whole arm, twoeither active movements or passive manipulation were not studied dimensional reaching task in which direction and distance further.
were systematically varied, a task effective in revealing correlations between unit discharge in the motor cortical areas Data and statistical analyses and movement parameters (Fu et al. 1993 (Fu et al. , 1995 . We used the same simple and multiple linear regression analyses to Neuronal discharge and kinematic data were aligned on moveidentify statistically the prevalence and strength of the simple ment onset, defined as the time at which tangential velocity exspike correlation with the parameters. Therefore, in addition ceeded 1.0 cm/s; correspondingly, we defined movement end as the time at which tangential velocity fell below this threshold.
to defining characteristics of Purkinje cell simple spike disAverages of simple spike activity and kinematics were constructed charge during reaching movements throughout a two-dimenfrom 5-10 movements for each of the 48 targets. We analyzed sional workspace, the task design and analysis permitted a three time periods for each cell: 1) premovement time (PT), dedetailed comparison with previous premotor and primary fined as the 200-ms interval before movement onset; 2) movement motor cortical findings. A preliminary account of these re-time (MT), defined as the period from movement onset to movesults has been presented in abstract form (Fu et al. 1994) . ment end; and 3) total time (TT), defined as the sum of PT and MT. To determine the presence of significant simple spike modula-
tion, we used a one-way analysis of variance (ANOVA) for movements to all 48 targets, comparing firing rate with background Behavioral paradigm activity (measured as the average simple spike discharge in the interval 1,200-500 ms before movement onset) for each time peThe behavioral paradigm is similar to that used previously (Fu et riod. Cells whose modulation was not statistically significant for all al. 1993, 1995) . Three female rhesus monkeys (Macaca mulatta) three time periods were not included in the subsequent regression weighing 5.0, 5.2, and 5.3 kg performed visually guided, multijoint analyses. arm movements in the horizontal plane with the use of a two-joint To quantify the relationship between simple spike discharge manipulandum. The animals sat in a primate chair and faced a and the kinematic parameters, we used the same linear regression vertically positioned color monitor (23.5 1 32 cm) placed Ç45 analyses as described previously (Fu et al. 1993 (Fu et al. , 1995 to fit the cm from the animal's chest. Using the manipulandum, the animals simple spike firing to movement direction, distance, and target superimposed a cross-hair cursor (0.75 cm) onto brightly colored position. We used both simple and multiple linear regression analysquares (1 cm 2 ) displayed on the screen. In each trial, the animals sis to identify correlations between simple spike discharge and first superimposed the cursor onto a centrally positioned start box movement parameters for two reasons. First, the multiple regresfor a randomized period of time ranging from 0.5 to 1.5 s. The sion analysis requires that either direction or distance modulation start box was then extinguished and 1 of 48 targets appeared. The in the discharge occur over a range of the workspace. This model targets were arranged circumferentially around the start box at 45Њ could potentially fail to detect correlations that occur over a limited intervals (8 directions) and at six distances ranging from 1.0 to range of directions or distances. Use of the simple linear models 6.0 cm, in 1.0-cm increments. To complete the trial successfully, was necessary to examine specifically for directional tuning along the animals were required to move the cursor to the target within a single distance and distance modulation along a single direction. 2 s of its appearance and to maintain the cursor in the target for Second, use of both simple and multiple regression analysis permitan additional 1.5 s. The successful completion of a trial was reted a full comparison with previously published motor cortical warded with the delivery of fruit juice. discharge studied with the use of the same paradigm (Fu et al. 1993 (Fu et al. , 1995 .
Chamber implantation and electrophysiological recording
For direction, the average simple spike discharge above baseline firing was fitted (in PT, MT, and TT) to a cosine function as On demonstrating proficiency at the behavioral task, the animals described by Georgopoulos et al. (1982) as follows were anesthetized with xylazine (1.0 mgrkg 01 rh 01 ) and ketamine (20 mgrkg 01 rh 01 ) and implanted with stainless steel chronic re-
cording chambers. The chambers were positioned stereotaxically which can be expressed as on the animal's right side (monkey MA: posterior 6 mm, lateral 10 mm; monkey LI: posterior 6 mm, lateral 10 mm; monkey BE:
posterior 6 mm, lateral 13 mm) and attached to the skull with screws and acrylic cement. In the immediate postoperative period where b 0 represents the intercept of the regression equation, b 1 and b 2 the regression coefficients, c 1 the change in firing rate of the the animals received an analgesic (Nubain, 0.05 mg/kg), and for several days they received prophylactic doses of antibiotics (Ampi-cell as a function of direction ( u), and u p the preferred direction.
On the basis of the model F ratio (P õ 0.05), an R 2 greater than cillin, 250 mgrkg level of activity (Georgopoulos et al. 1982) . To test the hypothesis a given parameter correlation was defined as the time at which the first of three consecutive bins had a significant partial R 2 value. of uniformity of the cells' preferred directions, we used Watson's U 2 method (Mardia 1972 . The animal was deterthat the R 2 for significant distance modulation was lower than that mined to be in a plane of surgical anesthesia before the thoracotfor directional tuning because the model for direction (Eq. 1) has omy. An intracardiac perfusion of Ringer solution was followed two predictors. For each of the three time periods (PT, MT, and by Zamboni's fixative (4.3 g NaOH, 20 g paraformaldehyde, 18.8 TT), firing ( f ) was fitted to movement distance (d) as g NaH 2 PO 4 , and 150 ml picric acid in 850 ml H 2 O). The cerebellum was removed and sectioned (40-or 50-mm sections) in the
(2) parasagittal plane with the use of a freezing microtome. The sections were stained with thionin. where a 0 is the intercept and a 1 is the slope.
To account for direction and distance together with possible interactions between these two parameters, we fitted firing rate to R E S U L T S the following multiple linear regression model
Data base and location of Purkinje cells
We recorded the simple spike activity of 231 movement-
related cerebellar Purkinje cells in three monkeys (27 cells Here, the interaction terms, sin (u)rd and cos (u)rd, are the X in monkey LI, 31 in monkey BE, and 173 in monkey MA). and Y coordinates, respectively, of target position. The regression Of the 192 Purkinje cells with receptive fields as tested by model used is the same as that described in Fu et al. (1993 Fu et al. ( , 1995 . palpation and passive movement, 33% were related to the Briefly, the development of this final model consisted of testing hand/wrist area, 31% to the forearm/elbow area, and 36% three preliminary models of increasing complexity. The first was to the shoulder. The remaining cells were audibly modulated the direction model described above (Eq. 1). The second model during reaching movements. Of the total population of cells, combined direction and distance terms as follows 179 (77.5%) had significant increases or decreases in firing
(4) rate relative to background discharge for one or more targets (ANOVA, P õ 0.05) during one or more of the three time
The third model tested was given in Eq. 3 above, which included periods (125 in PT, 153 in MT, and 151 in TT). The remainterms for direction, distance, and their interaction, target position.
A proportional reduction in error (PRE) approach was used to der of the analysis was performed on the simple spike data compare the extent to which each of the three models accounted obtained from this group of 179 cells.
for the variability in firing rate (Judd and McClelland 1989) .
The recording areas based on a dorsal surface view of the An additional analysis was used to determine the relationship cerebellar cortex are shown in Fig. 1A . For each animal the between simple spike discharge and each of the movement parame-center of the recording area was located near the primary ters in time. Cell firing rate, f (t), at time t was fitted to a linear fissure, Ç8-10 mm from the midline. In all three animals quadratic polynomial function, as follows most recordings were either anterior to the primary fissure
in lobule V or posterior in lobule VI, extending mediolaterally from the intermediate region well into the hemisphere (5) (HV and HVI). Some of the recordings were more lateral where d is movement distance, k n are the least-squares estimates, and posterior into the crus region, particularly in animal BE, and u represents movement direction. The time increments were in which the chamber was placed more laterally. Some cells 20-ms bins. Before fitting the time regression model, the data were were located in lobule IV. Also shown are examples of smoothed with the use of a three-point moving average. several recording/lesion tracts recovered in animal MA (Fig. Model fitting yielded three partial R 2 values, each representing 1B) and animal BE (Fig. 1C) . In animal MA (Fig. 1B ) the degree to which a given parameter accounted for the variability recording tracts from the center of the chamber were located in cell discharge: one for direction (sin and cos terms), a second in lobule V. In animal BE (Fig. 1C) , a lesion tract made at for distance (d and d 2 terms), and a third for position (sinrd and the time of sacrifice shows the center of the chamber to be cosrd terms). The total R 2 gives the proportion of overall disin lobule VI, just posterior to the primary fissure. The high charge variability accounted for by all three parameters. Statistical significance of the total and partial R 2 s was determined by the F degree of overlap suggests that we sampled relatively similar ratio (P õ 0.05). The significance of the partial R 2 value takes groups of cells from all three animals.
into account the sample size (n) and the number of predictors, as well as the partitioning of the sums of squares into model, error, Directional tuning of simple spike activity and total components. It should be stressed that in similar previous studies (Fortier et al. 1989; Georgopoulos et al. 1982; For about half of the Purkinje cells, the simple spike actival. 1988), usually eight directions of movement were used (n Å ity significantly fitted a cosine function [69 cells (45.7%) 8), whereas in our task eight directions and six distances were in TT; 52 cells (41.6%) in PT; 75 cells (49.0%) in MT; used (n Å 48), increasing the likelihood of finding significant see Table 1 , ''Direction'' plus ''Both'']. Figure 2 shows relationships with a smaller partial R 2 . For the temporal regression discharge histograms for a Purkinje cell whose simple spike (Eq. 5), the criterion for the existence of a correlation was arbiactivity in TT was strongly modulated with movement directrarily set to three consecutive time bins with a significant partial R The distribution of the cells' preferred directions expressed as vectors of length I dir with origin at the start position is shown in Fig. 4A . The distribution was not uniform across the two-dimensional workspace (Fig. 4A , Watson's test, U 2 Å 50.8, P õ 0.01, n Å 116). To visualize better the clustering of the preferred directions, the workspace was divided into 16 segments of 22.5Њ each and the number of cells with a preferred direction in each segment was determined. As shown in Fig. 4B , the majority of cells had preferred directions in the segments spanning 45-135Њ and 225-315Њ. These segments were diametrically opposed, one pointing away from the body with a large number of preferred directions directed across the midline, the other toward the body with a large number of preferred directions directed ipsilaterally (cf. Fortier et al. 1989 ). In Fig. 4C , the size of I dir at each segment is given. The distribution was found to be uniform (ANOVA, P ú 0.05), although there was a slight reduction in the I dir in the 315-360Њ region. Therefore, although there were well-defined groupings of preferred directions for the population of Purkinje cells, the amplitude of the simple spike modulation for a given cell was not dependent on the preferred direction.
Purkinje cell discharge has been shown to be correlated with movement velocity ( fore one possibility is that the nonuniform directional tuning was related to variation in movement velocity as a function were 134.3Њ, 105.7Њ, 123.7Њ, and 99.9Њ, respectively, for the of direction. We evaluated this possibility on the basis of aforementioned distances. The degree of modulation did not the peak velocity. For a given distance, peak velocity did differ greatly among the four individual distances (I dir Å not vary with direction (ANOVA, P ú 0.05). Furthermore, 0.80, 0.81, 0.72, and 1.13; c 1 Å 17.60, 11.89, 11.62, and the depth of modulation with direction, I dir , was not corre-13.80 spikes/s). This unit had a receptive field to passive lated with the peak velocity (r Å 0.04, P ú 0.05). Therefore rotation of the hand at the wrist. the simple spike directional tuning was independent of the Although the cell shown in Fig. 2 had significant simple peak velocity. spike modulation over four distances, the majority of Purkinje cells was significantly cosine tuned at only one move-Distance-related simple spike activity ment distance (Fig. 3A) . No cell's discharge was cosine
The relationship of simple spike activity to movement tuned at all distances. The depth of modulation with direction distance was evaluated with the use of a simple linear regresdid not depend on the distance at which cosine tuning ocsion model (Eq. 2). Of 151 Purkinje cells studied during curred. There was no significant mean difference in either TT, 55% (45 ''Distance'' plus 38 ''Both'') had simple spike the slope (c 1 ) or I dir along distance among the three analysis activity that significantly correlated (R 2 ú 0.67) with moveperiods (ANOVA, P ú 0.05, Fig. 3, B and C) . This can be ment distance (Table 1) . During PT, 45% of the cells had appreciated from the rather flat histograms of the mean slope (Fig. 3B ) and of I dir (Fig. 3C) as a function of distance.
simple spike activity that significantly correlated with dis- Distribution of Purkinje cells coding for direction, distance, or both parameters, on the basis of the cosine tuning and simple linear regression models (Eq. 1 and 2). No Response: cells that were found to be modulated with the task on the basis of the initial analysis of variance (ANOVA), but that failed to yield a significant partial R 2 when the single parameter models were fitted to the simple spike discharge. Total Significant: sum of the cells with a significant fit for direction, distance, or both parameters. Grand Total: sum of all cells analyzed in each time period. PT, premovement time period; MT, movement time period; TT, total time period; n, number of cells. 01 (n Å 83) in TT. There were no significant differences in the mean slope (a 1 ) with distance in any of the eight movement directions for any of the three time epochs (ANOVA, P ú 0.05, Fig. 6B ). The distribution of cells modulated with distance and direction only and with both parameters during the different time periods is summarized in Table 1 . Direction modulation was equally likely to occur in any of the three analysis periods (x 2 test, P ú 0.05), as was distance modulation. Interestingly, distance modulation had a slightly higher overall incidence than direction modulation. As reviewed in the DISCUSSION, when considering distance modulation, the covariation of movement amplitude and velocity must be taken into consideration.
Correlations with multiple movement parameters
Use of the simple distance and direction regression models revealed that the discharge of some cells correlated significantly with more than one parameter (Table 1) . Therefore we extended the analysis by fitting the data to the multiple linear model (Eq. 3). Figure 7A shows the mean PRE for pairs of model comparisons. The PRE is an index that indicates which of several models best fits the data; a higher PRE indicates that more of the variability in simple spike discharge is accounted for by a particular model. Solid bars represent statistically significant improvements in mean PRE and unshaded bars represent nonsignificant improvements. the additional parameters, the mean PRE is quite large (i.e., Ç30% in the comparison of models 1 and 3). Therefore distance and target position are important parameters that tance, and during MT, 56% had such activity. Figure 5 shows need to be included in the model. A determination of the the discharge of a Purkinje cell whose simple spike activity optimal number of predictors also justifies the use of the was correlated significantly with distance at one direction larger model with six predictors. Figure 7B shows the rela-(0Њ). The receptive field for this cell was localized to the tionship between the mean Mallows' C p statistic and the shoulder. The slope with distance for this direction was 2.91 number of predictors included in different models. The C p spikesrs 01 rcm 01 . Although there was a trend toward instatistic gives the standardized total mean squared error of creasing simple spike discharge with increasing distance, the estimation for the data. For the optimal number of predictors simple spike-distance relationships along the other seven (p), a criterion of C p 64 p is used. Using six predictors we directions were not significant (F test, P ú 0.05).
obtained a C p of 5.4, which justifies the use of a model If a cell's simple spike discharge was significantly correwith six predictors (Eq. 3). On the basis of this model, we lated with distance, the correlation was likely to have occalculated partial R 2 values for direction, distance, and target curred along only one direction (Fig. 6A ). This finding was consistent across analysis periods. The mean slope (a 1 ) for position (R Distribution of Purkinje cells coding for direction, distance, or target tions for the 3 analysis periods. Majority of cells' simple spike discharge position, on the basis of the multivariate regression model (Eq. 3). Rewas distance modulated at only 1 direction. B: mean slope (a 1 from Eq. sponses are subdivided into whether the discharge was significantly related 2) for each movement direction and analysis period.
to 1, 2, or 3 parameters. The ''significant'' subtotal is the sum of these three categories. Nonsignificant: cells that were found to be modulated with the task, on the basis of the initial ANOVA, but that failed to yield a based on the sum of these partial R 2 values. Note that the significant partial R 2 when the multivariate model was fitted to the simple partial R 2 s sum to the total R 2 .
spike discharge.
The regression analysis was performed on the simple spike discharge of 128 Purkinje cells for which we had a complete significant fit with a single predictor was observed in 60 data set (i.e., 10 movements to each of the 48 targets). The cells (mean total R 2 Å 0.32 { 0.16, 60% range Å 0.23-results are summarized in Table 2 . Ninety-nine cells had a 0.79), whereas a statistically significant fit to more than one significant fit to the model during TT, and the mean total parameter occurred in 39 cells (mean total R 2 Å 0.41 { R 2 for these 99 cells was 0.35 { 0.16. Comparing the partial 0.15, 60% range Å 0.37-0.75). Therefore for a large number R 2 s obtained for each parameter during TT, a statistically of Purkinje cells the simple spike discharge was significantly correlated with only a single movement parameter. For the majority of cells the simple spike discharge correlated significantly with only a single parameter (Table 2) . In contrast to the results based on the direction and distance models (Table 1) , the multiple linear regression analysis revealed that direction coding occurred for a greater number of cells than either distance or target position coding. This finding reflects the fact that distance correlations must occur in several directions to reach statistical significance in the multiple linear model; the simple linear regression analysis showed that distance coding mostly occurred at only one direction. The occurrence of significant correlation with two or more parameters for the simple spike discharge in a single cell was found in all three time periods, in the combinations of direction and distance (dirrdis), direction and target position (dirrtar), distance and target position (disrtar), or all three (dirrdisrtar, Table 2 ). The prevalence of correlations with two parameters ranged from 20 to 29% for the different analysis periods. The simple spike discharge of only a few cells was correlated significantly with all three parameters spike discharge was based on the results of the multiple firing rate above baseline for movements in the left hemifield of the workspace and decreases below baseline in the right regression model (Eq. 3). Approximately 22% of the Purkinje cells had significant simple spike modulation limited hemifield. There were no significant relationships with distance or target position for any of the three time epochs. to direction in MT or TT ( Table 2 ). The pseudocoloring depicts the cell's modulation relative to background firing. Although the general features of the simple spike responses were captured by the model, it is clear from the predicted The plots of predicted activity were generated from the model as follows: on the basis of the firing rate at each polar contour plots that some properties of the spatial response profile were not. This discrepancy is consistent with position in the workspace, the coefficients in the model were calculated, and with the use of these coefficients the pre-the total R 2 of Ç0.6 obtained for this Purkinje cell; that is, 40% of the variability in the firing was not accounted for dicted firing rate for the workspace was computed. In idealized contour plots, direction-related intensity gradients ap-by the model.
Eight to 14% of cells were modulated by distance alone pear wedge-shaped, distance-related gradients appear in the form of concentric circles, and target position-related gradi-depending on the time period (Table 2) . Contour plots for a cell whose simple spike activity had significant partial R 2 s ents are represented by parallel bands (see Fu et al. 1995) . The cell shown in Fig. 8A had particularly strong direction-for distance are shown in Fig. 8B . In this cell, simple spike activity was significantly modulated by distance in all three related discharge during each of the three analysis periods, with a preferred direction of 234Њ for TT. Note that the periods (R 2 dis Å 0.31 in PT, 0.48 in MT, and 0.40 in TT). These correlations with distance are reflected in the circular direction-related discharge was reciprocal, with increases in pattern. There were also significant, but weaker correlations sion model, we counted the number of cells with a significant partial R 2 during each analysis period (Fig. 9A) . The numwith direction in PT (R 2 dir Å 0.13) and in TT (R 2 dir Å 0.12). This directional component can be appreciated in the polar ber of cells with a significant partial R 2 for direction, discontour plots. There was no significant fit to target position tance, and target position tended to occur with near-equal in any of the three periods tested.
frequency during each period. For the population of cells Simple spike activity significantly correlated with target related to two or more parameters, the R 2 dir was greatest position information alone in 22 cells during TT, 19 cells during MT and distance correlations were slightly more during MT, and 21 cells during PT (Table 2 ). This type of prevalent during PT (Fig. 9B) . These observations differ target-position-related firing is shown in Fig. 8C , in which from the findings in the motor cortices in which direction the pattern is represented by parallel bands. For the unit correlations dominated PT and distance correlations were shown, target-position-related activity was not only signifi-most prevalent in MT (Fu et al. 1993) . cant for TT, but also PT and MT. The preferred direction
The extended multiple regression analysis (Eq. 5) was for this cell's simple spike discharge was 32Њ during PT, the used to determine more precisely the timing of each signifionly epoch in which the partial R 2 dir was statistically signifi-cant partial R 2 for each parameter. Figure 10 , A and B, cant (data not shown). This cell's discharge was not signifi-illustrates, for two individual Purkinje cells, the partial and cantly correlated with distance for any period.
total R 2 values as a function of time over a 2,000-ms interval. Figure 10A shows the results from a cell in which the partial R 2 s for direction and position were significant, but not those Relations of parameter correlations to receptive fields for distance. The onset of the significant R 2 dir preceded moveThe majority of Purkinje cells analyzed in this study was ment onset by 60 ms, whereas R 2 tar did not reach significance found to have receptive fields involving the wrist/hand, el-until 320 ms after movement onset. For the cell shown in bow, and shoulder; a smaller number of cells were audibly Fig. 10B , the simple spike firing was significantly correlated modulated during movement, but with an indeterminate re-to all three movement parameters at various times, with a ceptive field. Therefore we analyzed whether the correlations latency for direction of 0 ms, and for distance, 220 ms. The defined by the different parameters in either the simple mod-R 2 tar was relatively smaller, with two periods reaching sigels (direction and distance) or the multiple models were nificance at latencies of 080 and 520 ms. related to the receptive field location with the use of one-
The average regression profiles for each of the partial R 2 s way ANOVAs. There were 69 Purkinje cells with direction obtained from the population of cells are shown in Fig. tuning based on the cosine tuning model, and of these, 30 11A. There was extensive overlap in the temporal regression had receptive fields involving the shoulder, 8 had elbow profiles for all three parameters. The partial R 2 s for direction receptive fields, 18 had hand receptive fields, and 13 had no reached statistical significance before movement onset and clear receptive fields. Neither the presence of significant peaked just after movement onset. Target position correladirectional tuning (P ú 0.05, F-test) nor the depth of modu-tions also became significant before movement onset but lation, I dir (P ú 0.05, F-test), differed on the basis of the peaked later, Ç250 ms after onset. The temporal profile for receptive field type. There were 83 cells with distance modu-distance was very broad with smaller partial R 2 s on average. lation based on the simple linear model, and of these, 30 Correlations with distance began to develop before movehad shoulder receptive fields, 17 had elbow receptive fields, 24 had hand receptive fields, and 12 cells had no clear receptive fields. Neither the frequency of significant distance modulation (P ú 0.05, F-test) nor the slope (P ú 0.05, Ftest) was dependent on the receptive field type.
Lastly, from the results of the multiple linear regression neither the average total R 2 (P ú 0.05, F-test) nor the partial R 2 s (P ú 0.05, F-test) for the three parameters differed among the receptive field locations. These analyses were based on 99 Purkinje cells, and of these, 42 had shoulder receptive fields, 17 had elbow receptive fields, 27 had hand receptive fields, and 13 cells had no clear receptive fields. These results suggest that the simple spike discharge of Purkinje cells is not strongly coupled to any single joint and is not related to the site of peripheral input. Instead, these findings suggest that the simple spike discharge is modulated by processes and/or information that involve coordination across multiple joints (see Thach et al. 1992) . ment onset and reached a plateau between 500 and 1,000 as follows: 190.6 { 337 ms (direction); 147.7 { 272 ms (target position), and 323.3 { 421 ms (distance). There ms after movement onset.
Temporal encoding of movement parameters
The onset latencies of partial R 2 values also demonstrate were no significant differences in the three distribution functions (Kruskal-Wallis test, P ú 0.05). Therefore the overlap the extensive overlap in the timing of significant correlations with the given parameters. The distributions of the latencies in the onset of simple spike correlations with the three parameters was pronounced. It should be pointed out that the for the population are shown in Fig. 11B . For direction, the majority of the cells' latencies were between 0200 and 300 wide variability in latency and timing of the correlations with the individual parameters can have the effect of reducing the ms. The latency for target position occurred primarily between 0200 and 400 ms, whereas the latency distribution amplitude of the mean partial R 2 temporal profiles. This probably contributed to the low mean partial R 2 s shown in for distance was extremely wide, with most cells falling in the range of 0100-500 ms. The mean onset latencies were Fig. 11A . tional tuning was not due to differences in the peak velocities, which were found not to vary with direction. However, Direction-related modulation in Purkinje cell simple spike the joint torques and endpoint forces would not be expected discharge to be uniform for these reaching movements. For example, stiffness would be largest at 135Њ and 315Њ (Gordon et al. For approximately half of the Purkinje cells studied, the simple spike discharge significantly fitted a cosine tuning 1994). The second possibility is that the preferred directions represent a type of coordinate axes for Purkinje cell simple function to movement direction. This same relationship has been used to describe the directional dependency of premo-spike discharge. Nonuniform preferred directions have been described for Purkinje cell simple spike discharge in the tor, primary motor, and parietal cortical neurons (Caminiti et al. 1991; Fu et al. 1993; Georgopoulos et al. 1982 , 1984 , flocculus (Graf et al. 1988 . A third possibility is that other, unsampled populations of Purkinje cells would have a differ-1988; Kalaska et al. 1983; Schwartz et al. 1988) , as well as cerebellar neurons (Fortier et al. 1989 (Fortier et al. , 1993 . Earlier ent set of preferred directions. However, this also could be consistent with a coordinate axes representation in which cerebellar studies that found limited or no directional coding emphasized primarily reciprocal changes in modulation and preferred directional tuning is parcelled into anatomically distinct groups of Purkinje cells. concentrated on single-joint movements (Chapman et al. 1986; Harvey et al. 1979; Schieber and Thach 1985) . As discussed by Fortier et al. (1989) , the directional tuning of Distance and target position modulation in Purkinje cell cerebellar neurons is not limited to reciprocal changes in the simple spike discharge simple spike discharge, but has more graded changes in the degree of modulation. The present study confirms earlier
The encoding of movement distance in the simple spike discharge of Purkinje cells has been largely ignored in previobservations on the discharge of cerebellar cortical neurons, establishing that the simple spike discharge of a large popu-ous cerebellar single-unit studies (Fortier et al. 1989 (Fortier et al. , 1993 Marple-Horvat and Stein 1987) . In the present study, Ç70% lation of Purkinje cells exhibits significant directional tuning. It should be noted that the present study differs from previous of the Purkinje cells had a significant partial R 2 for distance based on the univariate regression analyses (Table 1) . This work (Fortier et al. 1989) in that only identified Purkinje cells were recorded and movements were performed at six percentage was actually slightly higher than the percentage of Purkinje cells (Ç60%) correlated with direction based distances in addition to the eight directions.
Comparing the present results with those of previous stud-on the cosine tuning regression model. The average slope approached 4.0 spikesrs 01 rcm 01 ; therefore changes in disies of the discharge of motor cortical neurons in which an identical paradigm and analyses were used (Fu et al. 1993 , tance were capable of extensively modulating simple spike discharge. The multiple regression model also yielded sig-1995), there were several differences in the directional tuning. First, the fit of the simple spike discharge to the cosine nificant fits with distance, including a large number of Purkinje cells related to distance only as well as cells related tuning function was not maintained over several distances. Typically, this type of directional modulation was limited to to multiple parameters ( Table 2) . The model comparison results show that distance explains a significant amount of only one distance. This result differed conspicuously from that in the primary motor and premotor cortices, in which the the variability in the simple spike firing for a fraction of the Purkinje cells. Furthermore, both the single and multiple directional tuning and preferred directions were relatively constant over a range of distances (Fu et al. 1993) .
linear regression models revealed considerable distance-related simple spike firing during PT and MT. A second major difference in the directional tuning involves the distribution of preferred directions. For Purkinje cells with Several studies have documented the encoding of movement distance in the motor and premotor cortices (Fu et al. direction-related discharge, the preferred directions covered all orientations within the 360Њ workspace, as also reported by Kurata 1993; Riehle and Requin 1989) . The present study demonstrates that the simple spike discharge Fortier et al. (1989) for cerebellar units. However, in both the present and previous cerebellar studies the distribution of of Purkinje cells is correlated with movement distance. Although the slope of the regression (a 1 ) was similar to that preferred directions was not uniform. Both studies had a predominance of preferred orientations for movements of the arm found in our previous study (Fu et al. 1993) , there is an important difference. The simple spike discharge of many crossing the midline and away from the animal's body to the left (É135Њ). Additionally, in this study there were a large more Purkinje cells was significantly related only to distance.
A similar difference was seen for target position, with 17% number of Purkinje cells with preferred orientations in the opposite direction, ipsilaterally and toward the animal's right of cells having simple spike discharge correlated with this parameter only. side (É315Њ). This nonuniformity is in distinct contrast to the motor (Georgopoulos et al. 1982 (Georgopoulos et al. , 1984 (Georgopoulos et al. , 1988 and premotor Any interpretation and discussion of the relationship between cell firing and distance must acknowledge the proporcortices (Caminiti et al. 1991; Fu et al. 1993 Fu et al. , 1995 , in which the preferred directions are uniformly distributed in two-and tional relation between velocity and distance in reaching movements (Fitts 1954) ; therefore the correlations with disthree-dimensional space. The modulation of the simple spike discharge of Purkinje cells with direction is markedly different tance could reflect velocity sensitivity (see Fu et al. 1993) . This is of particular importance in the cerebellar cortex, from that in the motor cortical areas.
There are several factors that could give rise to a nonuni-where several studies have documented that the discharge of cerebellar neurons, including Purkinje cell simple spike form distribution of preferred directions. One possibility is that one of the movement variables is not uniformly distrib-firing, has velocity sensitivity during limb movements ( van Kan et al. 1993b) . Therefore, when referring to distance, differences among the two populations of cells. Because a large component of the variability in simple spike discharge this important caveat must be considered.
The finding that for most Purkinje cells direction-related is unexplained, other parameters of movement may account for some of this variability. As described above, movement modulation occurred along one or two distances (Fig. 3) or that distance modulation occurred at only one direction velocity is a likely candidate (Mano and Yamamoto 1980; Marple-Horvat and Stein 1987) . Another possibility is that demonstrates that the simple spike firing is tuned spatially. This spatial tuning is evident from the polar plots (Fig. 8) , Purkinje cell simple spike discharge is modulated by the kinematics as it evolves in time, as opposed to simply the which demonstrate that the tuning could occur with direction, target position, or amplitude. This spatial tuning of movement endpoints of direction, target position, and distance. We are presently evaluating this possibility. simple spike discharge was primarily in relation to a single parameter (Table 2) , with only a minority of the Purkinje Second, the simple spike firing of the majority of Purkinje cells was significantly related to a single parameter, with cells having multiple parameters as significant predictors.
only 30% significantly related to multiple parameters. In contrast, ú90% of cells in the motor and premotor cortices Temporal characteristics of multiple parameter (Fu et al. 1993 (Fu et al. , 1995 were significantly correlated with correlations more than one parameter. Instead of representing multiple In our previous studies of the primary and premotor corti-parameters within the discharge of a single cell, the parameces, there was a temporal parcellation of the cell discharge ters are represented in different Purkinje cells. Considering correlations with direction, distance, and target position (Fu the lack of any definite temporal ordering in the correlations, et al. 1993, 1995) . Specifically, significant correlations with these differences suggest that the cerebellum parcels kinedirection occurred first and preceded movement onset. These matic information among different cells as opposed to temwere followed closely by encoding of target position, with porally within a single cell. distance coding beginning sometime after movement initiaIn summary, these differences suggest that the encoding tion. For the Purkinje cell simple spike discharge, no tempo-of kinematic information in the simple spike discharge of ral order was found. As shown in Fig. 9A , for cells related Purkinje cells is fundamentally different from that in the to a single parameter, only slight differences were found in primary and premotor cortices. These differences undoubtthe number of cells correlating significantly with direction, edly reflect the unique role played by the cerebellum in distance, or target position in PT and MT. For cells encoding motor control. multiple parameters, no clear order of the encoding emerged
